The effects of neurotransmitters injected into the posterior and the anterior septal artery on the automaticity of the atrioventricular (AV) junctional area were examined in the excised, blood-perfused canine AV node preparation. An AV rhythm of 57.4 ± 2.8 beats/min (N = 28) developed after the destruction of the sinoatrial node. /-Norepinephrine injected into the anterior septal artery increased the frequency of AV rhythm, but /-norepinephrine injected into the posterior septal artery caused a pacemaker shift from the anterior septal artery area to the posterior septal artery area. Acetylcholine injected into the posterior septal artery blocked retrograde conduction but did not decrease the frequency of AV rhythm; however, acetylcholine injected into the anterior septal artery decreased AV rhythm but did not affect retrograde conduction. Destruction of the posterior septal artery area failed to change AV rhythm. The surgically separated anterior septal artery preparation had the same rate as did the AV node preparation. The posterior septal artery preparation had a definitely lower rate and responded to smaller doses of /-norepinephrine than did the AV node preparation. The results of the present study indicate that AV rhythm in the AV node originates in the area supplied by the anterior septal artery and that the area supplied by the posterior septal artery, which has extremely low automaticity, is highly responsive to /-norepinephrine, resulting in nodal tachycardia.
• Spontaneous pacemaker activity of cells in the atrioventricular (AV) junctional area may be responsible for experimental and clinical arrhythmias such as AV junctional rhythm and AV nodal tachycardia (1) (2) (3) . In the AV junctional area, slow diastolic depolarization that is the normal automatic mechanism underlying the pacemaker activity in cardiac cells (4, 5) has been demonstrated in the AN and NH regions (6) (7) (8) (9) , but it has not been demonstrated in the N region (8) (9) (10) (11) . Furthermore, the effects of neurotransmitters on the pacemaker activity of the cells in the AV junctional area have only been inferred from previous studies of the sinus node or Purkinje fibers (4, 5) . Epinephrine increases the slope of slow diastolic depolarization of cells in the specialized conductive tissues below the AV junction, but acetylcholine does not change it (4) . However, little information is presently available about how cells in various regions of the AV junctional area respond to neurotransmitters.
Although a dual arterial supply to the AV junctional area of the dog has been reported, the proximal portion is principally supplied by the From the Department of Pharmacology and Experimental Therapeutics, Tohoku University School of Medicine, Sendai, Japan.
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Received April 22, 1974 . Accepted for publication May 29, 1975. 146 posterior septal artery and the distal area is supplied by branches of the anterior septal artery (12, 13) . When either artery is occluded or used for the injection of neurotransmitters, the different responses that result reflect the characteristics of the area perfused by the experimental artery. Indeed, AV conduction is blocked only when the posterior septal artery is occluded and never blocked when the anterior septal artery is occluded (14) . In previous electrophysiological studies (4, 8) , the area supplied by the posterior septal artery has been found to participate decisively in AV conduction delay. Also, acetylcholine injected into either the posterior septal artery or the anterior septal artery causes a negative dromotropic effect, but /-norepinephrine causes a positive dromotropic effect. However, to obtain a comparable effect, the doses that must be administered into the anterior septal artery are about 30 times larger than those that must be administered into the posterior septal artery (14) .
In the present study, a completely isolated AV node preparation, which was cross-circulated by a donor dog, was used to examine differences in the response of pacemaker tissues to neurotransmitters injected into the posterior or the anterior septal artery. The experiments were repeated in surgically separated posterior and anterior septal artery preparations.
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Methods
Experiments were carried out on 28 AV node preparations obtained from adult mongrel dogs of either sex (7-11 kg) . Adult mongrel dogs of either sex (15-22 kg) were used as donor dogs. Both experimental and donor dogs were anesthetized with sodium pentobarbital (30 mg/kg, iv). After administration of sodium heparin (500 units/kg, iv), the recipient dogs were exsanguinated via the right carotid artery, producing 300-400 ml of blood; the chest was then opened through the fifth intercostal space. The heart was quickly removed and immediately plunged into Tyrode's solution kept at 4°C and equilibrated with 95% O 2 -5% CO 2 . The composition of the solution (mEq/liter) was: Na + 149.3. K + 3.1, Ca 2+ 3.6, Mg 2+ 2.1, Cl-145.9, HCO 3 -11.9, H 2 PO 4 " 0.4, and glucose 6.5 mM. Under these conditions the heart soon ceased to beat spontaneously.
In most hearts, the anterior septal artery which supplies the ventricular septum immediately entered the myocardium after it branched off from the anterior descending artery. Cannulation of the anterior septal artery was performed as follows. The initial segment (2-3 mm) of the anterior descending artery and the origin of the anterior septal artery were dissected free. The anterior descending artery was ligated, and an incision into the artery was made proximal to the ligature. A polyethylene cannula about 1 mm in diameter was inserted into the anterior septal artery through the incision in the anterior descending artery and fixed with a ligature at the origin of the anterior septal artery. The initial segment of the left circumflex artery (10 mm) was dissected free; a polyethylene cannula was inserted into ReE A ReE\.
FIGURE 1
Schematic representation of the isolated AV node preparation of the dog. The incus-shaped sketch drawn with broken lines in the center of the preparation indicates the specialized conductive tissues below the A V node. ADA = anterior descending artery, ASA = anterior septal artery, CS = coronary sinus, IVC = inferior vena cava, LCFA = left circumflex artery, PA = pulmonary artery, PDA = posterior descending artery, PM = papillary muscle, PSA = posterior septal artery, RA = right atrium, RCA = right coronary artery, ReE , = atrial recording electrodes, and ReE v = ventricular recording electrodes. this artery and fixed with a ligature. The posterior descending artery, a main branch of the left circumflex artery, and the other branches supplying the left atrium and the left ventricular wall were ligated, leaving only the posterior septal artery intact. The right coronary artery (10 mm) alone was dissected free and cannulated; its branches supplying the right ventricular wall were all ligated. The right atrial wall was incised so that the endocardial surface of the right side of the interatrial septum and the right atrial wall was exposed; the left atrium and the right and the left ventricular walls were removed. Figure 1 shows the complete AV node preparation with three cannulas inserted in the right coronary artery, the anterior septal artery, and the posterior septal artery.
The three polyethylene cannulas were connected with rubber tubing, which was joined to a single piece of polyethylene tubing. Arterial blood was conducted from the carotid artery of the donor dog into this single piece of polyethylene tubing with a peristaltic pump (Harvard model 600-1200). A constant-pressure perfusion of 100 mm Hg was obtained with a Starling pneumatic resistance that was placed parallel to the perfusion system. The total flow rate through the three cannulas was continuously monitored with an electromagnetic flowmeter (Nihon Kohden model MF-2). The flow rate through each cannula was measured as the reduction from the total flow rate when each rubber tube was clamped for a brief period. A schematic diagram of the cross-circulation of the AV node preparation is illustrated in Figure 2 .
The preparation was placed on stainless steel mesh hung in a funnel-shaped water jacket which was warmed to 40°C by circulating water pumped from a water bath. The jacket was covered with a Lucite lid to ensure that the surface of the preparation was always moist and maintained at 37°C. The venous blood and the excess blood passing through the pneumatic resistance were conducted to a blood reservoir and then to the donor dog through the cannulated jugular vein. A constant level of anesthesia was maintained by supplementary doses of sodium pentobarbital (2-2.5 mg/kg, iv) every 0.5 hours. The dogs were heparinized with an initial dose of sodium heparin (500 units/kg) supplemented with 200 units/kg every hour. Respiration was aided by a dog respirator (Harvard model 607). The systemic blood pressure was monitored at the femoral artery with an electromanometer (Nihon Kohden model MP-2).
Recording electrodes consisted of three pieces of balltipped, silver-silver chloride wire embedded in a small Lucite holder at an interelectrode distance of about 2 mm. The atrial recording electrodes were attached with silk sutures to the endocardium of the wall of the right atrium close to the crista terminalis. The ventricular electrodes were located at the endocardium about 5 mm from the base of the anterior papillary muscle of the right ventricle toward the AV ring. An appropriate pair of electrodes in each assembly was selected to pick up action potentials as simple, spikelike deflections. The electrical activities thus picked up were displayed conventionally on the screen of a cathode-ray oscilloscope (Nihon Kohden model VC-7) and, during the period of drug response, were recorded on X-ray film by a longrecording camera (Nihon Kohden model PC-2B) at a film speed of 200 mm/sec. The atrial and ventricular rates were recorded with cardiotachographs (Nihon Kohden model RT-5) triggered by atrial and ventricular action potentials, respectively.
To elucidate the site of origin of the automaticity, the AV node preparation was surgically transected by scissors into two parts at the lower angle of the interatrial septum along the AV ring ( Fig. 1 , solid line). One part consisted of the right atrium and the interatrial septum supplied by the right coronary artery and the posterior septal artery; the other part included the interventricular septum perfused through the anterior septal artery. The former was designated the posterior septal artery preparation and the latter the anterior septal artery preparation. The automaticity of the posterior septal artery preparation was recorded by the atrial electrodes and that of the anterior septal artery preparation was recorded by the ventricular electrodes. Each potential was also recorded with the long-recording camera.
Drugs used in the present study included acetylcholine chloride, /-norepinephrine base, and tetrodotoxin (TTX). Acetylcholine chloride was dissolved in 0.9% saline and Z-norepinephrine base was dissolved in O.OIN HC1 to give concentrations of 100 ^moles/ml. TTX was dissolved in a concentration of 1 ^mole/ml in 0.9% saline. These drugs were kept as stock solutions; desired concentrations were obtained by diluting the stock solutions with 0.9% saline. The volume of injection was 30 ^liters which was injected into the rubber tubing connected to the shank of the polyethylene cannula over a period of 4 seconds by a microsyringe (Jintan Terumo).
Statistical significance of differences in automatic rhythms between before and after treatments was evaluated by Student's t-test.
Results
SINUS RHYTHMICITY AND PERFUSION RATE
When the preparation was perfused with warm arterial blood conducted from the donor, the atrium beat regularly with a sinus rhythm of 101 ± 3 (SE) beats/min (N = 20). However, the interventricular septum fibrillated usually for 1 hour or less and finally beat spontaneously.
Flow rate of perfusion of the preparation was 16.5 ± 0.8 ml/min (N = 20) at 100 mm Hg. In some preparations the flow rate in the anterior septal artery and the posterior septal artery was separately measured and averaged 8.1 ± 0.3 ml/min and 4.8 ± 0.4 ml/min, respectively.
DEVELOPMENT OF ATRIOVENTRICULAR RHYTHM
The pacemaker activity of the sinus node was destroyed by injection of a small amount of 70% ethanol into the sinus node artery, by occlusion of the sinus node artery, or occasionally by crushing the area of the sinus node. The AV rhythm was 57.4 ± 2.8 beats/min (N = 28). With an AV rhythm, the ventricular potential (V) preceded the atrial potential (A), indicating retrograde propagation of excitation, that is, V-A conduction. The V-A conduction time was a maximum of about 125 msec.
DIFFERENCE IN PATTERNS OF INCREASED ATRIOVENTRICULAR RHYTHM IN RESPONSE TO /-NOREPINEPHRINE
When /-norepinephrine was injected into the anterior septal artery or the posterior septal artery, an increase in the frequency of AV rhythm was observed. However, the increase in AV rhythm produced by /-norepinephrine in the anterior septal artery was definitely different in pattern from that induced via the posterior septal artery in 24 of 28 preparations ( Figs. 3 and 4) . The response to /-norepinephrine injected into the anterior septal artery ( Fig. 3 ) had a relatively slow, smooth rise with a longer duration and a gradual return to the control level. At the peak of the response to 1 nmole of 7-norepinephrine, V-V intervals were diminished from 900 to 745 msec, but retrograde conduction indicated by the V-A conduction was not changed. In contrast, the response to /-norepinephrine injected into the posterior septal artery occurred with a steep rising phase and was quickly terminated. With large doses of /-norepinephrine (1-3 nmoles), a definite undershoot, i.e., prolongation of V-V intervals, was observed at the end of the response. As shown in Figure 4 , the V-V interval in the control period was 1230 msec, i.e, 49 beats/min. When 1 nmole of/-norepinephrine was injected into the posterior septal artery, the retrograde V-A conduction time was first shortened without any change in the V-V interval (Fig. 4B) . Then, at the rising phase of the response, the atrial potential suddenly preceded that from the ventricle (Fig.  4C) . At the peak of the response, A-A intervals were 570 msec and V-V intervals were the same (Fig. 4D ). The effect of /-norepinephrine quickly terminated with a definite undershoot, i.e., prolongation of the V-V interval to 1330 msec, after which the initial V-A conduction reappeared.
In only 1 of 28 preparations did /-norepinephrine injected into either the posterior septal artery or the anterior septal artery induce responses of almost the same pattern. Lower doses caused gradual developing and returning phases, but higher doses caused steep developing and returning phases followed by an undershoot. In 3 of 28 preparations, /-norepinephrine injected into the posterior septal artery caused gradual rises and longer returning phases. In these preparations, /-norepinephrine injected into the anterior septal artery changed V-A conduction to A-V conduction, and the response terminated with an undershoot; this pattern was opposite to the response of the majority of preparations. These few examples may suggest that the dominant blood supply through the posterior septal artery and the anterior septal artery is dual or inverse.
EFFECTS OF ACETYLCHOLINE ON AV RHYTHM
One of the typical experimental results of acetylcholine injected into the posterior septal artery is illustrated in Figure 5 . Before injection, the ventricular potential preceded that from the atrium by 123 msec, and the V-V interval was 975 msec, i.e., 62 beats/min of ventricular or atrial rate (Fig. 5A ). When 100 nmoles of acetylcholine was injected into the posterior septal artery, retrograde V-A conduction was blocked as shown by the sudden disappearance of the atrial potentials, but the ventricular potentials kept an interval of 975 msec ( Fig. 5B and C). After about 30 second, atrial potentials appeared suddenly, and the initial V-A conduction was resumed. Even with increasing doses of acetylcholine up to 3 jtmoles, only a slight decrease in AV rhythm was observed with long-lasting retrograde conduction block.
In contrast, acetylcholine injected into the anterior septal artery primarily affected the AV rhythm without causing retrograde conduction block ( 6). Acetylcholine, 10 nmoles or even much smaller doses, caused a slight but dose-related decrease in AV rhythm. Eiectrograms in Figure 6 show that retrograde conduction was not blocked by any dose of acetylcholine, but the V-V interval was prolonged from 860 msec to 960 msec. In some preparations, larger doses of acetylcholine injected into the posterior septal artery or the anterior septal artery caused an increase in AV rhythm as shown in Figure 7 . The increase in AV rhythm was abolished by infusion of TTX into the same artery at a rate of 1 nmole/min, a dose that is sufficient to eliminate neural effects (15) and to unmask a decrease in automaticitv.
ABSENCE OF EFFECTS ON AV RHYTHM OF DESTRUCTION OF THE POSTERIOR SEPTAL ARTERY AREA BY ETHANOL INJECTION
To obtain further evidence on the dominant pacemaker activity in the anterior septal artery area, the effect of the destruction of the posterior septal artery area on AV rhythm was explored by the injection of about 5 ml of 70% ethanol into the posterior septal artery, by occlusion of this artery, or both. After destruction of the posterior septal artery area, retrograde conduction was completely blocked, but AV rhythm was not changed. The rates before and after destruction were 55.4 ± 3.7 beats/min and 55.6 ± 3.6 beats/min (N = 5), respectively ( Table 1 ). Statistical analysis showed Abolition by tetrodotoxin (TTX) cf the increased AV rhythm in response to larger doses of acetylcholine (ACh) injected into the anterior septal artery (I) and the posterior septal artery (II). A: Control. B: Records obtained during infusion of TTX into the anterior septal artery and the posterior septal artery. Note that a decrease in AV rhythm was unveiled by injection of acetylcholine into the anterior septal artery (IB) but not by injection of the drug into the posterior septal artery (IIB). no significant difference between these two values (P > 0.7). The destruction did not change the susceptibility to either acetylcholine or lnorepinephrine injected into the anterior septal 55.6 ± 3.9* * There was no significant difference between the two mean values (P > 0.7). artery. Acetylcholine caused a decrease and lnorepinephrine caused an increase in AV rhythm.
AUTOMATICITY OF THE PREPARATIONS AFTER SURGICAL SEPARATION
The AV node preparation was surgically divided into the posterior septal artery area and the anterior septal artery area. The rate of AV rhythm before surgical separation and the rates of pacemaker activities of the posterior septal artery and the anterior septal artery preparations after separation are shown in Table 2 . The rate of AV rhythm before surgical separation was 56.6 ± 2.7 beats/min, and the rate of pacemaker activity of the anterior septal artery preparation was 57.3 ± 4.0 beats/min (N = 9). There was no significant difference between these two values (P > 0.7). The ventricular potential of the anterior septal artery preparation had a configuration similar to that before surgical separation. In contrast, practically no pacemaker activity was observed in four of nine posterior septal artery preparations; in the other five preparations, rates were 10, 11, 15, 22 and 23 beats/min, respectively. These rates were definitely lower than those in AV rhythm before surgical separation or in the anterior septal artery preparation.
Comparison of the Automaticity of Surgically Separated Posterior Septal Artery and Anterior Septal Artery Preparations with That of the A V Node Preparation
EFFECTS OF /-IMOREPINEPHRINE ON THE AUTOMATICITY OF THE POSTERIOR SEPTAL ARTERV PREPARATION
The rate of pacemaker activity of the posterior septal artery preparation was quite low, but lnorepinephrine caused responses in the preparation with doses as small as 0.01-0.03 nmoles; these beats/min 
Comparison of the effects of l-norepinephrine (NE) on the automaticity of the A V node and the posterior septal artery preparations. A: Time course of the response of the A V node preparation to various doses of l-norepinephrine injected into the posterior septal artery before surgical separation.
Note that the doses from 0.01 nmoles to 0.03 nmoles had no effect. B: Time course of the response of the posterior septal artery preparation to various doses of l-norepinephrine injected into the posterior septal artery after surgical separation. The broken lines indicate the rate of the peak response of the AV node preparation and the solid lines indicate the basal rate of AV rhythm. Note that the posterior septal artery preparation had no spontaneous rhythm, the peak responses to the doses from 0.01 nmoles to 0.03 nmoles did not reach the basal rate of the AV node preparation, and the response to the increased doses was almost the same as the peak response of the A V node preparation.
doses had no effect on AV rhythm before surgical separation. However, the peak of the response to 0.01 nmoles did not reach the basal rate of AV rhythm, which refers to the AV rhythm when no separation was done. The peak of the response to 0.03 nmoles was almost the same as the basal rate of AV rhythm (Fig. 8 ). When the dose was increased from 0.1 nmoles to 3 nmoles, the peaks of the responses were almost the same as those before surgical separation (Fig. 8 ).
Discussion
In our excised, blood-perfused canine AV node preparations, the AV rhythm that developed after the destruction of the sinus node had a mean rate of 57.4 ± 2.8 beats/min (N = 28). This rate is significantly different from the rate of the sinoatrial node preparation (98 ± 4 beats/min, P<0.01) (16) and the rate of the papillary muscle (40 ± 2 beats/min, P < 0.01) (17); both the sinoatrial node and the papillary muscle were also excised and perfused with blood from a supporting donor dog. The automaticity of the papillary muscle is the same as that of Purkinje fibers (17) . Previous investigators have reported various rates of AV junctional rhythm under various experimental conditions. The values are higher than those in our experiments when the cardiac nerves are intact (18) (19) (20) (21) , but they are almost the same when the adrenergic neural tone to the AV junction is blocked by propranolol injected into the AV node artery (22) .
From the experiments in the present paper we can conclude that AV rhythm in the isolated AV node preparation exists in the anterior septal artery area (the distal portion of the AV junctional area) and that the posterior septal artery area (the proximal portion of the AV junctional area) has extremely low pacemaker activity but responds to /norepinephrine with an abrupt rise and fall, resulting in a typical pattern of nodal tachycardia. The former conclusion supports previous reports obtained with the microelectrode technique (6-9) or from His bundle electrograms (19, 21) . In the present studies, however, it was difficult to discern exactly where the AV rhythm originated from the subdivisions of the AV junctional area. The findings that acetylcholine injected into the posterior septal artery did not affect AV rhythm but that an injection of this drug into the anterior septal artery caused a slight but definite decrease in AV rhythm support the conclusion that AV rhythm originated in the anterior septal artery area. However, our finding that acetylcholine injected into the anterior septal artery decreased AV rhythm differs from that reported by Erlanger and Blackmann (23) , who failed to elicit a decrease in automaticity of the ventricle by vagal stimulation in dogs with experimental complete AV block. Our finding also differs from results of electrophysiological studies (4) in that the slope of slow diastolic depolarization of cells in the specialized conductive tissues below the AV junction remained essentially unchanged by acetylcholine. However, Eliakim and co-workers (24) have reported that acetylcholine produces a decrease in the ventricular rate and the force of contraction. Recently, Bailey and co-workers (25) have reported that the slope of slow diastolic depolarization of cells within the proximal portion of the His-Purkinje conduction pathways is markedly depressed by acetylcholine. Thus, recent reports appear to be consistent with our findings.
A different pattern of increases in the rhythm of the AV node preparation was obtained by injection of /-norepinephrine into either the anterior septal artery or the posterior septal artery. Because the injection of /-norepinephrine into the anterior septal artery caused smooth rising and falling phases, the increase in AV rhythm was due to the enhanced automaticity of the cells that determined the basal rate of AV rhythm. When /-norepinephrine was injected into the posterior septal artery, the atrial action potential suddenly preceded the ventricular potential and A-V conduction took the place of V-A conduction, thereby suggesting a pacemaker shift from the anterior septal artery area to the posterior septal artery area. The undershoot observed before surgical separation but absent in the posterior septal artery preparations was considered to be "overdrive suppression" of the pacemaker in the anterior septal artery area. These observations strongly suggest that the increase in the rhythm of the AV node preparation caused by /-norepinephrine injected into the posterior septal artery was not due to the increased automaticity of the cells which initiated the basal rate of AV rhythm but to the development of pacemaker activity in the quiescent cells in the posterior septal artery area. Therefore, emergence of A-V conduction by administration of /-norepinephrine into the posterior septal artery can be easily explained.
It is interesting that the posterior septal artery area was highly responsive to /-norepinephrine, although it had an extremely low rate of pacemaker activity. The increased pacemaker activity caused by /-norepinephrine has been described in terms of nodal tachycardia in previous studies (14, 15) . The generally accepted concept of AV nodal tachycardia may be of similar origin. The quiescent pacemaker cells in the posterior septal artery area may play an important role in the initiation of arrhythmia because of their tendency to become the pacemaker when they are stimulated by drugs or other conditions.
